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DESIGN OF A NEW RECIPROCATING COMPRESSOR LINE

Arthur R. Worster
Chief Engineer
Manager, Engineering
Air Power Division
Ingersoll-Rand Company
Painted Post, New York

The design of reciprocating compressors is found
in few textbooks. It is a specialized field in which
most of the know-how is in the hands of compressor manufacturers. This is not so strange when
the facts are considered. Unlike consumer products, the need for change in design is relatively
small when adequate designs to meet customers'
needs have been established. Good reciprocating
units have been available for many years and have
been produced by a number of reliable manufacturers. Consequently, there have been relatively
few completely new reciprocating units developed
in recent years as the overall requirements have
been changing very slowly.

designer.
The first step involves analyzing customers needs.
Most of this data comes from opinions and considered judgments rather than facts. Consequently,
it is essential to obtain a wide cross-section of
opinion from personnel who are working closely
with customers. This permits optimizing the relative importance of the design parameters.
These often conflict with each other. Important
items to be evaluated include the following:

Most of the design effort on compressors has been
slanted toward better utilization of existing designs.
Many cases can be cited where lines have been extended by minor design changes. In some instances, this results in heavier loadings of existing
parts. This is entirely practical if the original
design was conservative. In other cases, the
com.bination of components are altered to meet
specific unusual customer requirements.
This approach is realistic as long as there is no
major change in application or use of compressors.
However, there has been a real shift in installation
and operating costs. This has brought about pressure to consider developing new concepts in the
design and application of reciprocating compressors. This provides the designer with a unique
opportunity to start from scratch and completely
re-evaluate the need for a modern air compressor
plant. This paper will describe the process used
to arrive at a design which meets the needs of the
user, as well as the manufacturer of air compressors.

Efficiency
Reliability
Space
Foundations
Cooling
Drivers
Noise Level
Safety
First Cost
Pressures
Sizes
The primary input for all of the above comes
from Marketing and Sales personnel. The latter
are in direct contact with customers and have
first-hand knowledge of what is happening in the
field. In the case study, we drew together
selected personnel from all over a wide crosssection of the world. In fact, we had each representative prepare, in advance, his analysis of the
requirements he would recommend in building a
completely new line of air compressors. This
encouraged independent opinions. A panel was
then asked to evaluate all of the input to obtain a
possible consensus.
The personnel involved were restricted only in the
sizes to be considered. We gave them 75-150 HP
as the range to be evaluated for plant air service.

Design is much more than good geometric layout,
calculation of stresses, evaluation of codes, or
consideration of mechanics of operation. In fact,
it will be shown that definition of objectives and
evaluation of what the ultimate user really needs
is, in many ways, the most difficult task of the

Design personnel participated in the panel discussions. Some of the thinking and output follows.
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is becoming critical. Safety requirements must
consider the total air plant system as well as the
bare compressor. The recent surge in product
liability suits emphasize this point. It was agreed
that no compromise should be made in design which
would increase the hazard in operating the plant air
system. In fact, steps should be taken to reduce
hazards.
FIRST COST
The need to design a low first cost machine was
seen to be of critical importance to the marketing
man. It is difficult to compete if the first cost is
high. This would require engineering evaluations
to compete. This is difficult and time-consumi ng.
In some cases, the user refuses to take time to
evaluate. At the same time, the cost can directly
affect the efficiency, reliability, noise level and
safety. It was finally agreed that, although first
cost is important, it was essential to keep the design consistent with the operating needs of the
plant.

A preliminary look made it easy to know that two
stage compression was mandatory. This was dictated by the need for reasonable efficiency and low
temperatures . The latter is essential for safety.
The first question was then one of geometry of the
two stages. Layouts of opposed cylinders as compared to either L or Y design made it clear that
space could be minimized with either the L or Y
design. Although some unbalance would be experienced, it could be minimized by keeping reciprocating weights to an absolute min1mum. It was
decided that the L design offered no disadvantages
to the user.
ROTATIVE AND PISTON SPEEDS
Another step was the selection of rotative and piston speeds. Rotative and piston speed selection is
most critical. They both play a major part in the
final geometry of the unit. They are major factors
in the final cost of product. These must be optimized to result in the smallest package and the
most economical use of materials. From extensive
test programs and computer analysis programs,
we know that high rotative speeds considered alone
tend to result in low efficiency. This is partly due
to inertia effects on the valves. In addition, there
are increased losses from pressure drop through
valves due to high velocities and mechanical friction. High piston speeds make adequate valving
for good efficiency extremely difficult.

PRESSURES
The review of the entire market showed clearly
that most of the needs of plant air systems can be
met by designing units for 125 psig maximum
operating pressure. In limiting the design to this
pres sure level, we would be able to optimize the
design to cover most of the plant air applications.
It was decided to avoid over-design for higher
pressures. This would avoid higher costs.

It was decided to select 880 RPM induction motor
speed which was a little higher than p~·evious
speeds for the same class of equipment. This resulted in reducing the size of the final package and,
at the same time, allowed the use of an economical
electric motor. Tests showed that efficiency would
not be seriously affected. However, piston speed
was selected on a conservative basis at 733 feet
per minute. This is somewhat lower than some
units of past designs including large process units.
It would allow conservative valve speeds and
result in a higher efficiency.

SIZES
The utilization of the new compressor line was
evaluated. Most would be used with electric motor
drive. It was recommended we size in accordance
with available standard electric motors. This
would mean four sizes - 75, 100, 125 and 150 HP.
Selection of engine and turbine drive would simply
be the nearest available engine or turbine to drive
the compressor.

UNBALANCED FORCES
This part of the design process took many months.
Numerous meetings were held. When fairly firm
design objectives were established, the designers
were then ready to go to the drawing boards. Earlier layouts would have meant decisions would have
been made before the needs were clearly known.

The unbalanced forces in an L design are directly
proportional to the reciprocating weights. The
primary forces can be completely balanced. However, the secondary forces are always present
unless elaborate, expensive balancers are added to
the system. These are not desirable or necessary.
Our designers evaluated each component that
affected unbalanced forces. They were challenged
to keep these to an absolute minimum and, at the
same time, use conservative stresses 1n these
parts. The result was a radical reduction in reciprocating weights as compared to past practice
resulting in very low unbalanced secondary forces.

Many layouts were made covering alternate solutions. Each was evaluated and the overall design
began to take shape. Concurrently, studies of
available performance data was analyzed, some by
computer, and some manually. Part of this
lengthy process, including results, follows.
RUNNING GEAR
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UNLOADING

the use of large generous air pa,sages with a
minimum of interconnecting piping were expected
to produce low no is e. The designers used more
generous passageways and lower velocities than
past experience would have indicated. The end
result proves this was effective.

The design objective was to keep the new unit as
simple and fool-proof as possible. The use of
three-step unloading as compared to earlier consideration of five- step control was considered
acceptable for all users on these sizes o£ units.
This simplified control is easier to maintain and
results in adequate control of line pressure.

Concurrent with the design phase descnbed abo,e,
much component test work was performed in the
Development Lab. Some was done on existing
compressors, some by static loading of models
using strain gages, and some by destructiu.; testing. Many components were pretested before the
first prototype was built. By using the design
time effectively, there were a minimum of changes
after the prototype was tested.

COOLING
It was decided to have the basic design with an option for either water cooling or air cooling depending upon the users needs. The uniqueness of the
design allows changing to either style of cooling
with the same basic cylinders and frame and gear.

The final result of the new compressor design can
be seen from Figure 1.

A major forward step was to incorporate an aftercooler as standard equipment. Past practice had
been to supply a bare compressor and recommend
the use of a£tercoolers. The result was that, in
many cases, the user did not recognize the clearcut need for aftercooling to improve plant operation
and, more importantly, to improve safety. By
incorporating the aftercooler in the basic design,
it becomes automatic. The installation cost is
also kept to a minimum.

THE AIR CUBE MODEL LLE
LOCATION OF MAJOR COMPONENTS

LUBRICATION
The frame and gear lubrication was selected as a
simple pressure feed system.
The question of cylind_er lubrication was a more
difficult decision. Considerable study was made of
normal oil lubrication compared to minilube compared to non-lube. From the standpoint of air
plant system contamination, either the non-lube or
the minilube has obvious advantages. Unfortunately, the state of the art shows clearly that normal oil lubricated cylinders are dramatically more
reliable and h·ce from frequent maintenance. In
addition, normal lubrication permits designing
with minimum reciprocating weights.

Figure 1 Right Front View of Air Cube
Significant changes from conventional arrangement
were made. These were needed to accomplish all
of the design objectives for this completely new air
plant.

NOISE
The Walsh Healey act dictates today that noise
levels shall not exceed 90 dBA. It is our belief
that this may be reduced in the near future. In
fact, the earlier drafts of the act included an 8 5
dBA requirement. This was changed as most existing designs would not meet the lower requirement. However, the lower figure does result in
more comfort and a better environment. Therefore our design objective was 85 dBA.

CRANKSHAFT AND MAIN BEARINGS

Analysis of what makes noise in a compressor
showed that much of the higher noise level is due
to air noise. Careful intake silencer design and

CONNECTING RODS AND BEARINGS

The crankshaft is forged steel and the main bearings are double row, spherical roller bearings.
The forged shaft is used to obtain consistent counterweighting. At one point, we considered castings
but discarded this as a poor economy move at the
expense of safety and reliability. The anti-friction
main bearings minimize friction,

The connecting rods are conventional forged steel
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compressor to m1nimize space.

design with drilling for lubricating both ends. The
big end bearing has a babbitted surface with low
bearing pressures. The small end bearings are
bronze. Both bearings are precision type witb no
adjustments needed.

SOUD·STATE "TENDAMATIC" CONTROL
Monitors - Supervises - Protects

CROSSHEADS AND CROSSHEAD GUIDES
Tbe crosshead is unique. Special surface materials have been avoided by designing in a hydrodvnamlc wedge to insure adequate oil film. The
guide itself is separable from the frame. Th1s can
be rotated for double life if wear ever occurs and
can also be easily replaced i£ necessary. No
adjustments are needed.
PISTONS AND PISTON RODS
INTEilCOOLER
AIR PRESSURE

Tbe conventional long piston would have been much
too heavy to meet the low inertia load requirernent.
The wafer piston reduces weight and also reduces
piston rod stress. The unique connection between
the rod and the low pressure aluminum piston provides for thermal expansion. The high pressure
piston is cast l-ron.

OIL

PRESSURE
LOAt>
INDICATOR

t>ISCHARGE
AIR PRESSURE

Figure 2

'PERFORMANCE AT-A-GLANCE
CYLINDERS
UNBALANCED FORCES
The square shape provides large pulsation cbambers 1mmed1ately adjacent to the cylinder bore.
This reduces puhation and, consequently, is considered a major factor in the low no1se level of the
overall unit, as well as eliminating undue stresses
on the valves associated with conventional cyhnders and critical pipe lengths.

F1gure 3 shows the magnitude of the unbalanced
forces experienced with this unit compared to other
units in the same horsepower range. This provides for a major breakthrough in installatwn costs.
The user is able to install a complete air plant 1n
minimum time with little or no £01.mdation.

MAXIMUM UNBALANCED FORCES

VALVES

in various types of reciprocating compressors
Valves were selected from our previous knowledge
and years of experience with the patented channel
valve. They provide efficient operation, and are
quiet due to the air cushioning. This, again, helps
to reduce noise level.
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F1gure Z shows the solid state Tendamatic panel
which was spee1fically designed for this compressor unit. It protects the compressor and thus the
custom.e r franc major problems encountered with
compressore;. Most operating problems are a
result of inadequate attention to maintenance procedures and supply of lubricant in the frame and
ged.l' and cylinders.
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DESIGN DETAILS

RESULT

Table I shows dimensions and performance data on
the 100 HP size of this new line. This unit delivers 535 CFM at 100 psig. You will note that all
components are generously sized causing no major
breakthroughs in stress levels. All components
are conservatively loaded. No exotic materials
are used.

The final result is a new generanon of air compressors. Emphasis has been placed on low firsL
cost, low installation cost and low power cost.
Even more emphasis has been placed on low
servicing cost, quiet operation and safety. This
design is setting new standards for the industry.

TABLE I
Nominal Rating

100 HP

Power at 100 PSIG

105.8 HP

Capacity

535 ACFM

RPM

880

Stroke
Piston Speed

5"
733

Crankshaft Diameter atM. B.

3-112"

Con Rod Bearing Diameter

3-1 I 2"

Con Rod Bearing Length

2-118"

Length of Con Rod

11-31 4"

Crosshead Pin Diameter

1-31 4"

Crosshead Pin Bushing Length

2-1 I 4"

Diameter of Crosshead

6-l/ 4"

Length of Crosshead

5-1 I 2"

Piston Rod Diameter

1-1 I 4"

L. P. Piston Diameter

13-112"

H. P. Piston Diameter

8-1/ 4 1 '

L. P. Valve Air Speed

5870

H. P. Valve Air Speed

5820

Weight

6600 Pounds

The major trend toward unattended minimum maintenance installations mandates high reliability as a
prime design consideration. Units are expected
to, and have, run for thousands of hours with only
lubrication system maintenance.
The important considerations of reliability and
easy maintenance can be seen throughout the
design.
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